Network analyzer ferromagnetic resonance ͑NA-FMR͒ spectroscopy and Brillouin light-scattering ͑BLS͒ techniques are used to probe, in frequency domain, the interlayer exchange coupling ͑bilinear and biquadratic͒ of ultrathin Fe/Al/Fe trilayer films epitaxially grown by molecular-beam epitaxy ͑MBE͒. These two dynamic techniques provide the possibility to determine the magnetic excitation frequency f ͑acoustic and optic modes͒ as well as the frequency linewidth ⌬ f without perturbing the magnetization orientation. A large advantage of the NA-FMR technique compared to conventional FMR is that it can detect the complex magnetic signal at a fixed magnetic field so that the magnetic state of the exchange-coupled trilayer is not perturbed during the frequency sweep. As the spin-wave frequencies are very sensitive to the strength of the static magnetic field and the orientation of the magnetizations, their field dependence reflects the reorientation transitions taking place in a coupled trilayer system. The exchange-coupling constants are derived from the magnetic-field variation of mode positions both from NA-FMR and BLS. We report very strong ͑Ͼ2.5 erg/cm 2 ͒ antiferromagnetic exchange coupling in the Fe/Al/Fe system. The biquadratic coupling of 1.0 erg/ cm 2 that we observed at 6 Å Al spacer thickness is much stronger than earlier results for the same system.
INTRODUCTION
Since the discovery of antiferromagnetic exchange coupling between two ferromagnetic films across a metallic nonmagnetic spacer layer, 1 numerous intriguing and unexpected results have been revealed. Characterization of samples by examining the dynamic behavior and the knowledge of the ground-state spin configurations are essential to understanding these artificially layered structures. Ferromagnetic resonance ͑FMR͒ and Brillouin light scattering ͑BLS͒ are wellsuited dynamic techniques to determine the magnitude and type of exchange coupling. The finding of biquadratic exchange coupling 2 in the Fe/Al system [3] [4] [5] has stimulated further interest in this field.
We have devoted this work to the study of interlayer exchange coupling ͑bilinear as well as biquadratic͒ of Fe/ Al/Fe trilayers by using the technique of network analyzer ferromagnetic resonance ͑NA-FMR͒ spectroscopy and BLS, both in the frequency domain. With the NA-FMR technique performed at constant magnetic field, we receive the complex reflection coefficient through the scattering matrix ͑S 11 ͒ parameter of the network analyzer without any field modulation or numerical integration as used in conventional FMR. This approach, in our opinion, is important in the sense that uniform mode analysis yields a direct expression for the resonance frequency rather than the resonance field. Therefore, NA-FMR is a magnetically noninvasive microwave technique for determining the interlayer exchange coupling.
EXPERIMENT
Epitaxial Fe/Al/Fe trilayers with varying ͑wedge-shaped͒ or constant interlayer thickness are grown in a molecular-beam-epitaxy machine on GaAs͑100͒/Fe͑1 nm͒/ Ag͑150 nm͒ substrates at a background pressure of р10 Ϫ10 mbar and at a deposition rate of 0.1 Å/s. The recipe of epitaxial growth is given elsewhere. 1, 3 The best growth temperature for Al to obtain strong antiferromagnetic ͑AFM͒ coupling was found to be 80°C. In situ characterization is performed by Auger electron spectroscopy, low-energy electron diffraction, and reflection high-energy electron diffraction.
The NA-FMR technique employs a HP vector network analyzer ͑HP8722ES͒ operating in the range between 50 MHz and 40 GHz to send a phase-locked signal into a nonresonant 50 ⍀ transmission line in frequency sweep mode. The complex reflection coefficients ͑scattering matrix, S 11 ͒ of the sample are measured to obtain acoustic and optic resonance frequencies at different magnetic fields applied in the sample plane. Brillouin light scattering experiments are performed at room temperature with a (2ϫ3) pass tandem Fabry-Pérot interferometer 1 with an in-plane wave vector q ʈ ϭ1.65ϫ10 5 cm Ϫ1 . The external magnetic field is applied in the sample plane and perpendicular to the probed magnon wave vector. The surface acoustic and optic spin waves are recorded both on the Stokes and the anti-Stokes sides of the spectrum. Figure 1 shows the reflection coefficient ͑S 11 ͒ as a function of frequency at a fixed field of 0.1 kOe for a Fe͑50 Å͒/Al͑10 Å͒/Fe͑50 Å͒ trilayer. The spectrum shows two resonance peaks corresponding to the acoustic and the optic resonance. The exact resonance frequencies for acoustic ͑f ac ͒ and optic ͑f opt ͒ modes and resonance linewidths (⌬ f ) are obtained from Lorentzian fits ͑solid lines in Fig. 1͒ . The optic resonance occurs at a higher frequency than the acoustic resonance. This means that the magnetizations are in antiparallel or canted alignment, which corresponds to coupled layers in a nonsaturated state. The optic mode linewidth ͑540 MHz͒ is observed to be one order of magnitude larger than the acoustic mode linewidth ͑65 MHz͒. This feature prevails for all magnetic fields. The extremely narrow linewidth ͑65 MHz͒ and sharp absorption ͑Ϫ25 dB͒ of the acoustic mode reflects a good magnetic homogeneity and single-domain state, which prevails for all measured field strengths. For very high-magnetic fields ͑Ͼ1.5 kOe, i.e., above mode crossing, see below͒ the amplitude of optic mode absorption drops considerably and becomes practically invisible for fields higher than the saturation field ͑Ͼ2 kOe͒. This difficulty arises due to the equal thickness of the two Fe layers ͑50 Å͒, for which the out-of-phase amplitude for the optic mode drops considerably when the two magnetizations are in the saturated state. Figure 2 compiles the experimental resonance frequency acoustic ͑dots͒ and optic ͑squares͒ modes along with the calculation ͑crosses͒ as a function of external magnetic field ͑H͒ applied along the hard axis. The variation of the mode frequencies with H relates to the different magnetic states of the two Fe magnetizations ͑see the arrows in Fig. 2͒ . At very low fields ͑0ϽHϽ0.15 kOe͒ the magnetizations align antiparallel to each other. There is an upward jump of both mode frequencies by 3.5 GHz in the range 0ϽHϽ0.15 kOe corresponding to the transition to the spin-flop ͑SF͒ phase. In the spin-flop phase ͑HϾ0.15 kOe͒ the angle between the magnetizations continuously decreases from 180°to 0°. Above 0.15 kOe the optic frequency increases slowly until it reaches a maximum around 0.5 kOe where it again starts to decrease. It should have a dip when the sample saturates, as can be seen in the calculated curve. The acoustic frequency increases continuously starting from 0.15 kOe and forms a kink around the saturation field. In the saturated state beyond 1.8 kOe both acoustic and optic frequencies increase with the field, the difference between them being an indicator of the coupling strength. We used a thin-film approximation following Rezende's approach. 6 The dispersion relation leads to magnetic excitation frequencies
RESULTS AND DISCUSSION
The parameters a, b, and c involve lengthy expressions 6 derived from the equation of motion, (ϭ2 f ). For the NA-FMR configuration, out of the four solutions for only two are meaningful. These correspond to the acoustic and the optic modes. The simulated curves from Eq. ͑1͒ are given in Fig. 2 ͑crosses͒. Although the simulation without the J 2 term reproduces the acoustic mode frequencies, it diverges away from the optic mode since the latter is directly sensitive to the coupling strength. The bilinear J 1 and biquadratic J 2 exchange constants derived from the fit are J 1 ϭϪ0.3 erg/cm 2 and J 2 ϭϪ0.22 erg/cm 2 for this film. The magnetic material parameters derived from the fit are fourfold cubic anisotropy field H K1 ϭ0.54 kOe, 4M s ϭ20.5 kOe, and gϭ2.09. Figure 3͑a͒ shows experimental ͑Stokes and anti-Stokes͒ acoustic and optic mode frequencies from field variation of the BLS spectrum for the Fe͑50 Å͒/Al͑7 Å͒/Fe͑70 Å͒ structure. The asymmetry of Stokes and anti-Stokes is a direct signature of AFM coupling. As in NA-FMR, the field variation of BLS mode frequencies show three different states, namely, antiferromagnetic, spin flop, and saturation. The first phase ͑0рHр1 kOe͒ corresponds to perfect antiparallel alignment. Above the switching field of 1 kOe the magnetizations change to a noncollinear or SF phase. The transition manifests in a jump of both the optic and the acoustic mode frequency. From a Levenberg-Marquardt fitting using Eq. ͑1͒, we derived the J 1 and J 2 constants as Ϫ2.1Ϯ0.06 and Ϫ0.5Ϯ0.02 erg/cm 2 . We have used the focused laser beam of the BLS setup to scan the whole Al wedge ͑0-15 Å͒ to study the type and strength of coupling for each Al interlayer thickness. The overall coupling strengths of J 1 and J 2 , from the field variation study, are shown in Fig. 3͑b͒ . For very thin interlayers ͑Ͻ3 Å͒, we observe strong ferromagnetic ͑FM͒ coupling ͑2.7 erg/cm 2 ͒, probably originating from pinholes. FM coupling decreases with increasing interlayer thickness. We observe a crossover from ferromagnetic to antiferromagnetic coupling above 5 ϭϪ0.02 erg/cm 2 . At t Al ϭ7.5 Å, the AFM coupling strength was a maximum, with J 1 and J 2 as Ϫ2.5 and Ϫ0.5 erg/cm 2 , respectively. But the biquadratic coupling maximum of Ϫ1.0 erg/cm 2 occurs at t Al ϭ6 Å, which is at the increasing slope of J 1 , but not at maximum J 1 . With increasing interlayer thickness to 13 Å, the AFM coupling strength decreased to J 1 ϭϪ0.15 and J 2 ϭϪ0.005 erg/cm 2 . With further increase of interlayer thickness no further changes of the mode positions occur. This gives the impression that for an Al interlayer the coupling is of AFM type until the end of the wedge structure. We have not observed any distinct short period oscillation of either J 1 or J 2 .
The strong coupling strength of J 1 and J 2 is observed to be very sensitive to the interlayer thickness. This can be explained by Slonczewski's ''loose spin model,'' 2 in which loose spins within the spacer or adjacent to Fe/Al interfaces are assumed to mediate interlayer coupling. In case of Fe/Al/ Fe, the source of loose spins is due to the magnetic impurities in the proximity of alloyed/roughened interfaces. The enhanced coercivity ͑magneto-optic Kerr effect͒ beyond the 6 Å Al spacer ͑100 Oe͒ over Fe ͑ϳ30 Oe͒ is consistent with the presence of crystalline defects by Fe-Al alloying at the interfaces. The strong J 2 observed at the increasing slope of J 1 can also be due to the strong fluctuation of ⌬J ͑variation of coupling͒.
CONCLUSION
With the help of network analyzer FMR and BLS techniques, we are able to observe the magnetic excitation frequencies in the frequency domain at a fixed magnetic field. Both techniques provide the possibility to determine acoustic and optic mode frequencies as well as their linewidths. We have used the dispersion relation to simulate the mode frequencies, both at qϭ0 ͑uniform precession mode͒ for FMR and at q 0 for BLS experiments and to evaluate the strength of bilinear and biquadratic coupling constants. We saw a very strong antiferromagnetic exchange coupling (Ͼ2.5 erg/cm 2 at t Al ϭ7.5 Å͒ and biquadratic coupling ͑1.0 erg/cm 2 ͒ through Al spacers between Fe layers. Both J 1 and J 2 are more than an order of magnitude larger than earlier results on the same system.
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